Although clonal expansion is a hallmark of adaptive immunity, the location(s) where antigen-responding T cells enter cell cycle and complete it have been poorly explored. This lack of knowledge stems partially from the limited experimental approaches available. By using Ki67 plus DNA staining and a novel strategy for flow cytometry analysis, we distinguished antigen-specific CD8 T cells in G 0 , in G 1 and in S-G 2 /M phases of cell cycle after intramuscular vaccination of BALB/c mice with antigen-expressing viral vectors. Antigen-specific cells in S-G 2 /M were present at early times after vaccination in lymph nodes (LNs), spleen and, surprisingly, also in the blood, which is an unexpected site for cycling of normal non-leukaemic cells. Most proliferating cells had high scatter profile and were undetected by current criteria of analysis, which under-estimated up to 6 times antigen-specific cell frequency in LNs. Our discovery of cycling antigenspecific CD8 T cells in the blood opens promising translational perspectives.
and cytokines guide T cell responses. 1 Although we have learned a great deal about clonally expanding T cells, we still lack essential spatial information, particularly as to the location of T cells during each phase of the cell cycle. This is at least partially due to technical limitations. Classically, flow cytometry data obtained from fresh organ samples containing a heterogeneous mixture of cells have been analysed by in silico gating on antigen-specific CD8 T cells, identified by their ability to bind MHC-antigen multimers. Clonal expansion of antigen-responding CD8 T cells has been assessed by a few methods, including dye-labelling of proliferating cells [2] [3] [4] and staining for the intranuclear protein Ki67, after cell fixation and permeabilization. [5] [6] [7] [8] To date, available dyes that label cells proliferating over time (eg, CFSE; BrdU) lack the ability to assess whether the labelled cells found in a particular location proliferated locally or rather migrated into that organ after dividing elsewhere. Furthermore, though Ki67 is generally considered to label dividing cells, it actually labels all cells not in G 0 . Thus, it does not distinguish actively cycling cells committed to mitosis (those in S-G 2 /M) from those in G 1 , which may quickly proceed into S, or stay in a prolonged G 1 , or even revert to G 0 without dividing. 9 To study CD8 T cell clonal expansion, we took a slightly different tack: one that is often used by haematologists for cell cycle analysis of bone marrow (BM) haematopoietic stem cells by flow cytometry. 10, 11 We used Ki67 plus DNA staining to track rare naïve antigen-specific CD8 T cells responding to vaccination in wild-type mice. 12, 13 The naïve CD8 T cells clonally expanded, and we analysed the resulting polyclonal population. We developed a novel gating strategy to evaluate flow cytometry data that turned out to be a breakthrough in antigen-specific CD8 T cell analysis. We found a significant number of antigen-responding CD8 T cells cycling in lymph nodes (LNs), spleen and -surprisingly-in the blood. Taken together, our results challenge the current flow cytometry guidelines for CD8 T cells at early times of response and open new directions for investigation and intervention in the T cell field.
| MATERIAL AND METHODS

| Adenoviral and MVA vectors
Replication-defective, ΔE1 ΔE2 ΔE3 ChAd3 vector encoding HIV-1 gag protein under HCMV promoter (ChAd3-gag) and Modified Vaccinia Ankara encoding the HIV-1 gag protein under the control of vaccinia p7.5 promoter (MVA-gag) were used in all experiments. ChAd3-gag was generated as described, 14 amplified in human embryonic kidney (HEK) 293 cells, purified by a two-step caesium chloride gradient ultracentrifugation, and titrated by realtime quantitative polymerase chain reaction (PCR). MVAgag was generated by in vivo recombination in chicken embryo fibroblast (CEF) cells using Red-to-Green gene swapping method and flow cytometry-based cell sorting for isolation of recombinants, 15, 16 propagated in CEF cells, purified by centrifugation through sucrose cushion and quantified by plaque assay.
| Vaccination
Six-week-old female BALB/c mice were purchased from Envigo (S. Pietro al Natisone, Udine, Italy) and housed at Plaisant animal facility (Castel Romano, Rome, Italy). Mice were divided into experimental groups of at least 40 mice each (untreated and vaccinated). All mice of the vaccinated group were primed with ChAd3-gag, and a subset was analysed after priming only. The remaining primed mice were boosted once with MVA-gag, at either day (d) 60 (range 60-67) or d100 (range 95-109) post-prime. Results of d60 and d100 boosts were similar; thus, we combined them. Viral vectors were administered intramuscularly (im) in the quadriceps at a dose of 10 7 viral particles (vp) for
ChAd3-gag and 10 6 plaque-forming units (pfu) for MVAgag, in a volume of 50 μL per side (100 μL total). All experimental procedures were approved by the local animal ethics council and performed in accordance with national and international laws and policies (UE Directive 2010/63/ UE; Italian Legislative Decree 26/2014).
| Organs
Spleen, LNs and blood were obtained at different times after either prime or boost, that is, d7, d10 and d14 postprime; d3, d7 and d44 post-boost. At each time, the organs were collected from 3 vaccinated and 3 untreated mice, and cells from the 3 mice of each group were pooled. Blood was immediately put into heparin or EDTA blood collection tubes and further processed for analysis. Singlecell suspensions were prepared from spleen and LNs (iliac and inguinal) by mechanical disruption and passage through cell strainers. 
| Membrane staining
| Flow cytometry analysis
Samples were analysed by LSRFortessa flow cytometer (BD Biosciences) using DIVA software. CD3 (-) cells were gated out when acquiring spleen samples. Data were analysed using FlowJo software, v.10 (FlowJo, Ashland, OR, USA).
| Estimates of gag-specific CD8 T cells in S-G 2 /M phases of cell cycle
The absolute numbers of gag-specific CD8 T cells in S-G 2 / M phases of cell cycle in LNs, spleen and blood were estimated based on their percentages determined by flow cytometry and on cell counts. Cells from spleen and LNs were counted by trypan blue exclusion, after lysis of red blood cells. Mouse white blood cell (WBC) counts/µl and total blood volume were previously reported.
18,19
| Statistical analysis
The vaccinated group was compared with its corresponding untreated group by performing a two-tailed unpaired Student t test with Welch's correction. A two-tailed paired Student t test was used for comparison of N and R gates.
Friedman test with Dunn's multiple comparison was used for comparison of multiple cell subsets within vaccinated mice samples. Differences were considered significant when *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. Statistical analysis was performed using Prism v.6.0f, GraphPad Software (La Jolla, CA, USA).
| RESULTS
BALB/c mice were vaccinated intramuscularly (im) against the model antigen, HIV-1 gag, using a recombinant chimpanzee-derived adenoviral vector (ChAd3-gag) and a Modified Virus Ankara (MVA-gag) for priming and boosting, respectively. The cell cycle stages of gag-specific CD8 T cells were analysed using Hoechst 33342, a DNA dye and anti-Ki67 mAb. 10, 11 Figure1A-B shows the steps for analysing gag-specific CD8 T cells by flow cytometry, Figure 1B an example of LN cell analysis at day (d) 3 post-boost. Steps 1-2 identify single cells by DNA analysis and live cells by dead cell marker exclusion.
Step 3 uses Forward Scatter-A (FSC-A) and Side Scatter-A (SSC-A) profiles to identify certain leucocyte populations. Lymphocytes tend to have low SSC-A and medium-low FSC-A, whereas granulocytes have high SSC-A, and are normally excluded from the canonical "narrow" gate used for lymphocyte studies [20] [21] [22] [23] (Figure 1B, Step 3, "narrow"). However, by performing back-gating analysis of gag-specific CD8 T cells from LNs of vaccinated mice, we noticed that the majority of these lymphocytes had high scatter profile and were outside of the "narrow" gate ( Figure S1A , top). Furthermore, we noticed an unusual population of cells with high SSC-A that appeared only in spleens of vaccinated mice and contained a significant number of antigen-specific lymphocytes (Figure S1B, black arrow). Thus, we enlarged our FSC-A/SSC-A gate ( Figure 1A -B, Step 3 "relaxed"), before gating on CD8 T cells (Step 4) and antigen-specific T cells (Step 5). Back-gating plots and FSC-A/SSC-A profiles of gag-specific CD8 T cells confirmed that the "relaxed" gate was appropriate for our analysis ( Figure 1C and Figure S1A , bottom). Remarkably, we found a twofold-sixfold greater proportion of gag-specific CD8 T cells in the "relaxed" gate population than in the "narrow" gate population in both LNs and spleen ( Figure 1D -E). Although this gating strategy is novel for standard ex vivo studies of lymphocytes ( Figure S2A -B, "narrow" gate at step 3), cells with high FSC-A and high SSC-A are often included when examining in vitro activated T cells. 24 Notably, in current ex vivo studies of lymphocytes, single cells are normally excluded in the FSC-A/FSC-H gate ( Figure S2A -B) and less frequently by a two-step gating strategy using FSC-H/ FSC-W and SSC-H/SSC-W plots. However, our results show that a high proportion of gag-specific CD8 T cells from LNs of vaccinated mice were outside of these gates ( Figure S2C-D) . In order to discriminate between gag-specific CD8 T cells in G 0 , G 1 and S-G 2 /M, we examined Ki67 expression plus DNA content, using either the "narrow" or the "relaxed" gate ( Figure 2 ). We observed a striking difference in the percentages of proliferating cells between the two strategies. The "narrow" gate missed most of the dividing cells in S-G 2 /M (<2%), whereas the "relaxed" gate revealed that these cells made up to 42% of the gag-specific cells in LNs and 26% in spleen (Figure 2 ). Cell cycle entry and progression were accompanied by a graded increase of FSC-A, and more prominently of SSC-A ( Figure 2B) . In contrast to the gag-specific cells from vaccinated mice, LN and spleen CD8 T cells from untreated mice were almost all in G 0 (average ≥96% Figure S3A-B) . The "narrow" gate consistently missed most of the dividing cells and under-estimated antigen-specific CD8 T cell frequency also after priming only ( Figure S3C ).
In the blood, the "narrow" gate missed up to a third of gag-specific CD8 T cells ( Figure S4A ), which-with the "relaxed" gate-averaged 2% at d3, 36% at d7% and 13% at d44 post-boost ( Figure 3A, C) . As expected, 12 gag-specific cells down-modulated CD62L ( Figure 3B) . A well-defined population of gag-specific CD8 T cells in S-G 2 /M was revealed uniquely using the "relaxed" gate (Figure S4B-C) . Cells in S-G 2 /M were obvious at d3 (up to 13%) and less evident at d7 (0.3%-0.9%) when Ki67 + F I G U R E 2 Comparison between the narrow (N) and the relaxed (R) gating strategy to evaluate cell cycle of gag-specific CD8 T cells from LNs and spleen of vaccinated mice at d3 post-boost. Female BALB/c mice were vaccinated as in Figure 1 . Cell cycle of gag-specific CD8 T cells at d3 post-boost was analysed by Ki67 plus DNA staining, using either the N or the R gate as in Figure 1B (Figure 4 ), suggesting that they had mostly switched to a resting memory state. We also saw proliferating antigen-specific CD8 T cells in blood after a single priming shot of vaccine ( Figure S5 ). The proliferating cells in S-G 2 /M could be detected only using the "relaxed" gate at both d10 and d14 post-priming ( Figure S5 ). Taken together, our results show that in blood the average percentages of gag-specific CD8 T cells in S-G 2 /M at d3 post-boost and at d10 and d14 after priming were always <5%, about threefold lower and up to 11-fold lower than corresponding percentages in spleen and LNs, respectively (Table 1) . We estimated that in the blood the average numbers ±SEM of gag-specific cells in S-G 2 /M were 909 ± 418 and 1373 ± 167 at d3 and d7 post-boost, respectively, whereas those in the sum of draining LNs and spleen were 26 981 ± 10 022 at d3 post-boost (values calculated from data of 5 experiments with a total of 30 vaccinated mice).
Hypothesizing that the increased DNA content of the expanding CD8 T cells could be exploited as a marker to identify proliferating antigen-responding cells in the blood, we focused on CD62L (-) . At d3 post-boost, the average percentage of gag-specific cells among the dividing non-naïve cells was 15-fold higher than among total CD8 T cells (Figure 5C ), sometimes up to 70% ( Figure 5B ), a much higher proportion than observed among the other 3 populations ( Figure 5B-C) . By d7, the gag-specific cells comprised 40% of the dividing non-naïve and 84% of the non-G 0 non-naïve population. By d44, gag-specific cells were decreased in all the populations, though less evidently in the CD62L (-) population ( Figure 5C ). At d14 after a single priming dose, gag-specific cells were up to 64% of the dividing non-naïve cells, up to 41% of the non-G o nonnaïve, and <5% in the other 2 populations, suggesting that results after prime were similar to those after boost, though the kinetics slower ( Figure S6 ). Since CD62L is a cell membrane molecule, and DNA can be visualized using vital dyes, our results suggest that the dividing CD62L (-) CD8 T cells in blood could potentially be a valuable source of live antigen-specific proliferating CD8 T cells at early times of response.
| DISCUSSION
Long ago, Sprent & Miller showed that, within days of an immunogenic stimulus, antigen-specific "blast" T cells
F I G U R E 3
Analysis of gag-specific CD8 T cell frequency in the blood of vaccinated mice at d3, d7 and d44 post-boost, using R gate.
Female BALB/c mice were vaccinated as in Figure 1 . Blood was obtained from untreated and vaccinated mice at d3, d7 and d44 post-boost, and gag-specific CD8 T cells were analysed in 5 steps as in Figure 1A and B, using the R gate at circulated in the thoracic duct lymph. 25 There was no way of knowing at that time whether these were actively proliferating cells, or simply activated cells that had left the LNs and were on their way to the blood (the next step in circulation from the thoracic duct). By a novel technical approach, we show here that proliferating antigen-specific T cells circulate in the bloodstream of vaccinated normal mice, challenging the current view that the S-G 2 /M phases of clonal expansion occur only in lymphoid organs, or sometimes in BM, or in extra-lymphoid follicles in tissues. 26, 27 Thus, proliferation is not always limited to supportive tissues niches, but normal non-leukaemic lymphocytes that have been stimulated in one organ can expand while circulating to other sites. The contribution of the few cycling cells in the blood to the total pool of proliferating antigen-specific CD8 T cells present in the body is negligible, according to both our calculation and previous estimates. 28, 29 Nevertheless, blood might represent an extremely valuable window for analysis of T cell proliferative response, as well as a source of antigen-activated cycling CD8 T cells. Our findings are in agreement with a previous work performed in a viral infection mouse model, in which proliferation of TCR transgenic anti-viral CD8 T cells was F I G U R E 4 Cell cycle analysis of gag-specific CD8 T cells in the blood at d3, d7 and d44 post-boost, using R gate. Female BALB/c mice were vaccinated as in Figure 1 , and blood samples analysed at d3, d7 and d44 post-boost as in Figure 3A . A, Typical DNA/Ki67 staining profiles of vaccinated mice, after gating on gag-specific CD8 T cells as in Figure 3A This study also showed by in vivo microscopy that motile activated/effector CD8 T cells decelerated in virus-infected brain, stopped, and within few minutes divided, documenting a rapid kinetics of cell division and suggesting a link between cell arrest and mitosis/cytokinesis. 4 Although the proposed concept that cytoskeleton dynamics and cell cycle are intertwined is in agreement with other studies, 30, 31 one caveat is that high numbers of TCR transgenic cells were adoptively transferred into wild-type mice, thus failing to closely mimic the normal T cell kinetics of response, proliferative expansion and phenotype. 32 Furthermore, S phase was measured by a 15-minute BrdU pulse, leaving open the possibility that the labelled cells found in a particular location had duplicated their DNA elsewhere. In our study, proliferating gag-specific CD8 T cells in S-G 2 /M were found in the blood of normal mice also after a single dose of ChAd3-gag, although they were fewer than after a boost with MVA-gag, as a result of a lower number of total gag-specific cells. Furthermore, slower kinetics of the primary response and/or differences in spatial distribution of antigen-responding CD8 T cells inside the LNs between prime and boost 33 were possibly reflected in the blood. Further studies will be necessary to elucidate whether naïve and memory cells behave differently upon stimulation in vivo, whether vaccination route matters, and whether the cycling CD8 T cell clones in the blood comprise a special highly dividing subset and/or express high-affinity TCRs.
The majority of dividing CD8 T cells in blood, spleen and LNs showed increased FSC-A and unusually high SSC-A, likely due to changes in mitochondria, chromatin condensation, etc. 34, 35 Cells with these characteristics are usually excluded from the analysis of normal lymphocytes ex vivo, for example, human blood lymphocytes in conditions apart from cancer. Considering that nearly all immunological studies in humans use blood samples, important information are likely to be missed, perhaps leading to incorrect conclusions. For example, it was found that up to 70% of virus-specific CD8 T cells were Ki67 + in the blood of patients at early phases of primary infections, 6, 7 whereas memory-phenotype CD8 T cells from the blood of donors with no apparent infections comprised about 2%-10% of Ki67 + cells . 36 Furthermore, an early increase of Ki67 + PD-1 + CD8 T cells was observed in the blood of a subset of lung cancer patients treated with checkpoint inhibitors, and it was proposed that this could be relevant for antitumor effects. 37 In all these studies, it was suggested that the Ki67 + cells were proliferating in response to a recent immunogenic stimulus; 6, 7, 36, 37 however, cells with high side scatter were discarded, 7,37 and DNA content was not evaluated; 6, 7, 36, 37 thus, it cannot be distinguished whether the Ki67 + were actively cycling, or rather they were non-proliferating cells in G 1 , possibly on their way back to G 0 . Furthermore, the proliferation-when presentwas likely greatly under-estimated. A single study in humans did use DNA staining and found that an average of <0.1% of memory-phenotype CD8 T cells were in S-G 2 / T A B L E 1 Summary of cell cycle analysis of gag-specific CD8 T cells from LNs, spleen and blood at d10 and d14 post-prime, and at d3 Female BALB/c mice were either vaccinated by prime/boost as in Figure 1 , or by prime only as in Figure S3 . Cell cycle analysis was performed as in Figure 2 , using the R gate. The M in the blood of donors with no systemic diseases. 36 The interpretation at that time was that blood-derived memory CD8 T cells are resting. 36, 38, 39 Our interpretation is instead that the cells in S-G 2 /M could have been newly activated cells responding to an environmental antigen. We suggest that the widespread use of our technical approach might prevent incomplete data analysis and/or biased interpretations.
Our results have several potential translational uses. For example, human blood might be the source of enriched populations of recently activated CD8 T cells, proliferating in response to vaccines, infections, transplantation and cancers, that could be studied, cloned and used therapeutically, even without knowing the antigen to which they are responding, or as a way of searching for that antigen. And, in cases where a patient presents with symptoms of immune activation, but no obvious infection, an analysis of the CD8 T cells in S-G 2 /M in the blood could reveal clues as to the cause of the symptoms and/or the target of the response.
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